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I. INTRODUCTION
The design of receivers at microwave frequencies involves severaf problems, one of which is intetmodulation distortion (IM) . This problem is critical in receiver front ends, and often it constitutes the fundamental limit to their performance. In the past we have shown [1] how the intermodulation performance of a single-device mixer can be improved by using the channel resistance of a GaAs MESFET, instead of a diode, as the nonlinear element. This can be achieved without paying any price in terms of increased noise figure (NF) or conversion loss (Lc ). In [1] second-and third-order intermodulation input intercept points (IP2 and IPs ), respectively, of 28 and 30 dBm on a prototype single FET were achieved.
Other FETs, and thus helped achieve good balance. These efforts resulted in a mixer having IM performance substantirdly exceeding that of previously published circuits.
II. DEVICE CHARACTERIZATION
The doubly balanced mixer used the chip shown in Fig. 1 The results are given in Table I .
Rq, Rd, and R, are the gate, drain, and source series resistances, respectively. The gate-to-source and gate-to-drain capacitances~gs and Cg,{ are modeled as simple depletion capacitances:
No other elements are used in the FET's equivalent circuit.
The use of a four-FET chip instead of four discrete FET's avoids bridges or crossings in microstrip and provides a layout for the mixer that can be readily realized in monolithic form. Also the four FET's in the chip have nearly identical IW and Cllr characteristics; this is essential for the balance of the structure.
III. CIRCUIT DESIGN
The main goal of this effort is to obtain low intermodulation distortion, principally the second and third harmonics of the IF.
These products may be viewed as spurious responses, the second harmomc being a (2, -2) response and the third a (3, -3). (Here we use conventional notation for spurious responses, where an (m, n) response is one for which fIF = mfRF + n fLO.)
These products are generally greater in magnitude for a given RF excitation level, than conventional multitone spurious responses such as the infamous 2fRF, -fRFZ. According to simple power series theory
[8] the second-harmonic response is 6 dB greater than the secondorder, two-tone response, and the third-harmonic response is 9.5 dB greater than the third-order two-tone. Although in real circuits these differences are often not precisely observed, in our experience they are usually roughly correct. The IF harmonics do, however, depend upon circuit and device characteristics in the same way as multitone IM products [9] ; thus, a mixer exhibiting good performance in terms of these harmonic IM products will, in all but the most irregular circumstances, exhibit good multitone IM characteristics as well.
It is important to use a circuit topology that rejects even-order spurious responses. The topology chosen is the balanced ring mixer described by Weiner [2] . This structure is shown schematically in V. The optimum compromise between intermodulation performance and conversion losses was found to be at Vq, = -2.96 V.
The RF balun was realized as a modified rat-race of 3J/4 and 5A/4 instead of the customary A/4 and 3A14 sections in order to use larger and more practical dimensions. Although this costs some bandwidth, it allows the 50-ohm termination and a radial stub to be placed directly inside the ring. The IF balun is a planar version of a modified Marchand balun [11] . Although this multi strip balun required some air bridges, the IF was low enough that these were acceptable. All the baluns were fabricated and tested separately before use in the mixer.
IV. PERFORMANCE
This prototype mixer was tested under two different conditions. In the first, we measured the bandwidth and the port-to-port isolation without any external circuit. In the second set of measurements we The behavior of the second-harmonic (4.8 GHz) and thirdharmonic (7.2 GHz) power levels, with variation of the LO power, is shown in Fig. 5 . The RF level is +10 dBm.
It is interesting to note that the IM levels shown in Fig. 4 do not display the n dB/dB slope usually observed for n th-order IM. This is not unusual in very-low-distortion mixers. It is caused by the inter-IF -.." .. . order product at 3.fIF. It is possible that the n dB/dB slope might exist at lower RF levels, because {the high-order interfering products would decrease more than the low-order. However, we were unable to measure the IM at RF levels below O dBm.
The behavior of the conversion loss as the gate bias is varied is shown in Fig. 6 . Good conversion loss is obtained with reverse bias voltage between -2.9 and -3.8 V.
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